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We consider the possibility that supersymmetry is broken above the inflationary mass scale and
that the only “low” energy remnant of supersymmetry is the gravitino with mass of order the EeV
scale. The gravitino in this class of models becomes a candidate for the dark matter of the Universe.
To avoid the over-production of gravitinos from the decays of the next-to-lightest supersymmetric
particle we argue that the supersymmetric spectrum must lie above the inflationary mass scale
(MSUSY > 10
−5MP ∼ 1013 GeV). Since m3/2 ' M2SUSY/MP, we expect m3/2 & 0.2 EeV. Cosmo-
logical constraints then predict a relatively large reheating temperature between 1010 and 1012 GeV.
Dedicated to the memory of Pierre Bine´truy
I. INTRODUCTION
To date, there is no significant experimental signal for
weak scale (TeV) supersymmetry at the LHC [1]. In par-
allel, direct detection experiments such as XENON100
[2], LUX [3] or PandaX [4] have set strong limits on the
elastic scattering cross section of neutralinos on nucle-
ons exceeding common pre-run I LHC predictions [5, 6].
This may indicate one of the following: 1) low energy
supersymmetry is still around the corner waiting to be
discovered at a slightly higher energy scale [6, 7]; 2) part
of the supersymmetric spectrum lies at very high energy
as in split supersymmetry [8]; 3) essentially the entire
supersymmetric spectrum lies at very high energy as in
supersplit supersymmetry [9] (aka the Standard Model).
Here, we consider the possibility that the only remnant of
supersymmetry surviving down to energies significantly
below the Planck scale1 is the gravitino.
The gravitino may either be an excellent dark mat-
ter candidate [10–19] or a severe cosmological problem
[20, 21]. If the gravitino is the lightest supersymmetric
particle (LSP) and therefore a dark matter candidate,
there is the risk of overproduction from the decay of the
next-to-lightest supersymmetric particle (NLSP) [21–23].
In fact, as we discuss below, the upper limit on the NLSP
mass of several TeV allows us to place an upper limit of
' 4 TeV on the gravitino mass. However, if the sparticle
spectrum lies above the inflationary mass scale, and none
of the superpartners are ever produced after inflationary
reheating, the gravitino may once again become a dark
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1 We will consider the reduced Planck mass M2P = 1/8piGN '
2.4× 1018 GeV throughout the paper.
matter candidate with a mass of order the EeV scale.
Note that such a spectrum implies that supersymmetry
is nonlinearly realized [24].
The letter is organized as follows. In the next section,
we discuss limits on the gravitino mass in typical super-
symmetric models. We discuss both the limits from big
bang nucleosynthesis [25] and from NLSP decay. In Sec-
tion III, we consider a high scale supersymmetric model
where only the gravitino lies below the inflationary mass
scale. We derive a new lower limit to the gravitino mass
in this case. Assuming that the gravitino is the dark
matter, we consider general consequences for inflation-
ary models, particularly aspects of reheating. Prospects
and conclusions are summarized in Section IV.
II. UPPER LIMITS TO THE GRAVITINO MASS
IN TYPICAL SUSY SCENARIOS
The physics behind the limits on the gravitino mass
can be very different depending on the specific mass range
under consideration. With the exception of the cases of
light (MeV, keV, or sub-keV) masses, typical gravitino
masses discussed in the literature are in the 10-1000 GeV
range similar to the masses expected for MSSM super-
partners if the SUSY scale is related to the hierarchy
problem. However, it is well known that a gravitino with
O(100) GeV mass is potentially problematic [20, 21]. On
the one hand, if it is not the LSP, it will decay to lighter
sparticles, and if it is the LSP, the NLSP would decay
to the gravitino. In either case, the lifetime may easily
fall within the range of 100 − 108 s and be subject to
constraints from BBN [25–31]. For example, the decay
rate of a neutralino NLSP to a gravitino and photon is
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2given by [14, 15, 31]
Γdecay ' C
2
16pi
m5χ
m23/2M
2
P
(1)
where C depends on the neutralino diagonalization ma-
trix and we have ignored phase space factors (and other
factors of O(1)). In the case of a gravitino LSP, there
are typically strong constraints on the SUSY parameter
space forcing one into regions where the NLSP is the tau
slepton [28, 29].
The BBN constraints begin to be relaxed when the
lifetime of the NLSP becomes less than O(100) s [26, 27],
and for a neutralino NLSP, we can use Eq.(1) to obtain
a relation between the neutralino and gravitino masses,
τχ . 100 s. ⇒ mχ > 300 GeV
(m3/2
GeV
)2/5
(2)
for C ∼ 1. Thus avoiding the limits from BBN will re-
quire a rather heavy SUSY spectrum for TeV scale (and
above) gravitino masses. We note that the relaxation
of the BBN bound at 100 s requires satisfying the upper
bound on the density of decaying particles of roughly [26],
mχnχ/nγ . 7× 10−9 GeV. If we exceed this density, we
must use the more strict BBN bound of τχ . 0.1s. In
this case, the lower limit on mχ in Eq.(2) is increased by
a factor of ∼ 4.
In addition to the BBN constraints, there is an ad-
ditional constraint coming from the relic density of the
NLSP whose decay contributes to the relic density of
gravitinos [21–23]. The gravitino relic density from NLSP
decays can be written simply as
Ω3/2h
2 =
m3/2
mχ
Ωχh
2 (3)
and thus the NLSP relic density is limited by
Ωχh
2 . 0.12 mχ
m3/2
(4)
where 0.12 is the approximate upper limit on the cold
dark matter density from PLANCK experiment [32]. As
long as mχ is not much greater than m3/2, the NLSP
density is constrained to be near the cold dark matter
density. Even in the event that mχ  m3/2, the relic
density of the NSLP is still constrained by the BBN un-
less its lifetime is very short (< 0.1 s) as noted above.
Thus as we attempt to increase the mass of a gravitino
LSP, we are forced to higher NLSP masses to insure both
a relatively short lifetime and low relic density. For ex-
ample, for m3/2 = 2 TeV, we must require mχ & 6 TeV
(20 TeV) to obtain τχ < 100 s (< 0.1s). Generally, it
is very difficult to obtain an acceptable neutralino relic
density when the neutralino masses surpass the TeV scale
[6, 7]. In particular, the neutralino relic density in the
TeV regime must be regulated by either some strong res-
onant process or co-annihilation. Indeed, the strongest
such process involves the co-annihilation with the gluino
[33–36]. Pushing the mass scales to their limit (when the
neutralino and gluino masses are degenerate), an upper
limit to the neutralino mass of roughly 8 TeV was found
[34–36]. This translates (using Eq. 2) to an upper bound
on the gravitino mass of roughly m3/2 < 4 TeV.
III. HIGH SCALE SUSY BREAKING AND
INFLATION - EEV SCALE GRAVITINOS
A. High scale SUSY
In order to go beyond the derived upper limit on the
gravitino mass of 4 TeV, we must make a more substan-
tial departure from the common paradigm of weak scale
supersymmetry. In this section, we consider the possibil-
ity for a higher gravitino masses along with a very high
SUSY breaking scale, leaving only the gravitino surviving
at low energies as a dark matter candidate.
As we demonstrated in the previous section, a grav-
itino mass in excess of 4 TeV, would require a SUSY
spectrum in excess of 8 TeV in order to obtain NLSP
lifetimes short enough to be compatible with constraints
from BBN. However, even in the limit of degenerate neu-
tralinos and gluinos, strong co-annihilations are insuffi-
cient to lower the NLSP relic density to acceptable lev-
els. Further increasing the SUSY mass scale, weakens
the interaction strengths, lowering the annihilation (and
co-annihilation) cross sections, leading to an overabun-
dance. Without resorting to some unknown form of dilu-
tion, one possibility for larger gravitino masses is to move
the SUSY matter spectrum to such high scales, so that
SUSY particles were never part of the thermal bath after
inflation.
To completely remove the supersymmetric particle
spectrum from the thermal history, we must assume that
the SUSY mass spectrum is larger than both the in-
flationary reheating temperature, TR, and the inflaton
mass, mφ, so as to prevent SUSY particles from being
produced by either thermal processes during reheating
or by the decay of the inflaton. Here, we will not tie our-
selves to a particular inflationary model, but note that
in many models considered, the inflaton mass is set by
amplitude of density perturbations seen in the microwave
background, and yields a value of roughly 3× 1013 GeV.
When we need to refer to a specific example, we consider
a no-scale supergravity model of inflation [37] which leads
to Starobinsky-like inflation [38].
If we denote as F the order parameter for supersym-
metry breaking, then typical soft SUSY masses will be
proportional to F ,
MSUSY =
F
Λmess
(5)
where Λmess is the mass scale associated with the medi-
3ators of supersymmetry breaking2. We expect Λmess ≥
MSUSY . Thus MSUSY > mφ translates to F > m
2
φ. The
gravitino mass is also determined by F [39],
m3/2 =
F√
3MP
(6)
And hence we have a lower bound on the gravitino mass
given by
m3/2 >
m2φ√
3MP
' 0.2 EeV (7)
Thus we have a gravitino mass gap between 4 TeV and
0.2 EeV which remains cosmologically problematic.
B. Gravitino Production
Clearly the LHC bounds can be satisfied if the sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also be satisfied as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
lies beyond the MSSM and has weaker couplings to mat-
ter, e.g. through a t-channel exchange of a massive Z’ or
Higgs as shown in [44] or invoking a pseudoscalar or pure
axial mediator to velocity suppress σscatN [45, 46]. Fur-
thermore, if the dark matter couples too weakly with the
standard model, it will never reach thermal equilibrium
as its production rate is dndt = n
2
γ〈σv〉. The particle is
frozen in during the process of thermalization. The weak
coupling of the dark sector with the standard model can
be due to either an effectively small coupling (of the or-
der of 10−10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Thermal Dark Matter (NETDM) mod-
els [49].
By increasing the SUSY mass scale, we have also re-
moved most of the standard gravitino production mech-
anisms. Namely both NSLP decay, and the thermal pro-
duction from standard model annihilations such as gluon,
gluon→ gluino, gravitino are no longer kinematically al-
lowed. The rate for the latter is well known [40, 41] and
scales as Γ ∼ T 3M2SUSY /M2Pm23/2, where we have as-
sumed predominantly goldstino production in the limit
m3/2  MSUSY . In this case, the gravitino abundance
is approximately n3/2/nγ ∼ Γ/H ∼ TM2SUSY /MPm23/2,
where we have simply taken the Hubble parameter as
T 2/MP .
In the limit that the SUSY mass scale is above the
inflationary scale, there remains, however, (at least) two
sources of gravitino production. Inflaton decay to grav-
itinos [41, 42], and thermal production of two gravitinos
2 These messengers could in principle also play a role in restoring
unification at high scale.
from the thermal bath (gluon, gluon → gravitino, grav-
itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]
R = n2〈σv〉 ' 21.65× T
12
F 4
(8)
where n is the number density of incoming states and we
see that the rate has a strong dependence on temperature
and is even stronger than the NETDM case [49] where
the dependence is R(T ) ∝ T 8. This dependence can be
easily ascertained on dimensional grounds. Recall that
n ∝ T 3, and for gravitino production, we expect 〈σv〉 ∝
T 6/F 4. The consequences of such a high temperature
dependence are important: we expect that all gravitino
production will occur early and rapidly in the reheating
process. This differs from the feably coupled case [47]
where the smallness of the dark matter coupling to the
standard model bath renders the production rate slower.
From the rate R(T ), we can determine that Γ ∼
R/n ∼ T 9/M4Pm43/2 (again assuming m3/2  MSUSY )
leading to a gravitino abundance n3/2/nγ ∼ Γ/H ∼
T 7/M3Pm
4
3/2. More precisely, we find,
Ω3/2h
2 ' 0.11
(
0.1 EeV
m3/2
)3(
TRH
2.0× 1010 GeV
)7
(9)
In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 × 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].
C. Consequences for inflationary models
The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field φ of mass mφ and
width Γφ. We assume that the decay and thermalization
occur instantaneously at the time tφ, Γφtφ = 2Γφ/3H =
c, where c ≈ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
TRH =
(
10
gs
)1/4(
2Γφ MP
pi c
)1/2
= 0.55
yφ
2pi
(
mφ MP
c
)1/2
(10)
where we have defined a standard ”yukawa”-like coupling
yφ of the inflaton field to the thermal bath, Γφ =
y2φ
8pimφ
and gs is the effective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
can then re-express the relic abundance (9) as function
of yφ:
Ω3/2h
2 ' 0.11
(
0.1 EeV
m3/2
)3(
mφ
3× 1013GeV
)7/2(
yφ
2.9× 10−5
)7
(11)
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FIG. 1. Region of the parameter space allowed by PLANCK
constraints [32] in the plane (m3/2, yφ) for different values of the
branching ratio B3/2 and mφ = 3 × 1013 GeV (see the text for
details).
where we have set c = 1.2. The cosmological constraint is
plotted in Fig.(1) in the (m3/2, yφ) plane, where we show
the region allowed by PLANCK [32]. The black (solid)
line represents the PLANCK constraint Ωh2 = 0.11. One
immediately sees the linear increase in the Yukawa cou-
pling yφ with increasing gravitino mass in order to coun-
terbalance the weakening of the effective coupling 1/F
responsible for its production in the thermal bath.
A large inflaton-matter coupling produces a high re-
heating temperature, which in turn increases the grav-
itino abundance. Then, as one can see from Eq.(11), the
solid curve in Fig. 1 is an upper bound on yφ to avoid
an overabundant gravitino. In fact, one can extract an
upper bound on yφ independent of m3/2 simply requir-
ing m3/2 < TRH , a necessary condition for the gravitino
to be thermally produced. The condition m3/2 < TRH
implemented in Eq.(11) with the expression (10) gives
yφ . 1.6× 10−3
(
3× 1013 GeV
mφ
)1/2
, (12)
shown as the horizontal dashed line in the Figure 1. We
can then extract the maximum reheating temperature
TRH . 1.1×1012 GeV. Combined with the condition (7)
m3/2 > 0.2 EeV, the relic abundance constraint (9) gives
2.7× 1010 GeV . TRH . 1.1× 1012 GeV (13)
which is a strong prediction of our model.
D. Gravitino production by inflaton decay
It is also possible to produce gravitinos through the
direct decay of the inflaton. For example, in no-scale
supergravity models of inflation, the decay of the infla-
ton to gravitinos is highly suppressed. In simple models,
there is no coupling at the tree-level [51]. However, it is
possible to couple the inflaton to moduli without spoiling
the inflationary potential [41, 42]. We can parameterize
the decay to a pair of gravitinos as Γ3/2 = mφ
y23/2
72pi .
The branching ratio of decays to gravitinos is then
B3/2 = Γ3/2/Γφ =
|y3/2|2
9y2φ
. (14)
Using the result from [41] for the gravitino abundance
produced by inflaton decay at the epoch of reheating, we
get
n3/2
nγ
≈ 3.6B3/2 (ΓφMP)
1/2
mφ
≈ 0.7B3/2yφ
(
MP
mφ
)1/2
(15)
corresponding to
Ωdecay3/2 h
2 = 0.11
(
B3/2
1.3× 10−13
)(
yφ
2.9× 10−5
)
(16)
×
( m3/2
0.1 EeV
)(3× 1013 GeV
mφ
)1/2
.
today.
The condition (7) is then translated into
B3/2yφ =
|y3/2|2
9|yφ| . 1.9× 10
−18
(
0.1 EeV
m3/2
)
(17)
for mφ = 3 × 1013 GeV. Contrary to the case of ther-
mal gravitino production, our limit to the coupling yφ
is strengthened as m3/2 is increased when gravitino pro-
duction occurs through inflaton decay. Since the den-
sity through the decay of the inflaton is proportional to
nφB3/2m3/2, where mφnφ is the inflaton energy density,
the limit on the coupling is improved when either the
branching ratio or the gravitino mass is increased.
This result is also shown in Fig.(1) where we clearly see
the changing in the slope for larger value of B3/2 > 10
−19
where the direct production from inflaton decay may
dominate over the thermal production. We note that the
constraints obtained on the inflaton coupling to graviti-
nos are strong. We recall, however, that in no-scale mod-
els of inflation [41, 42, 51] and in classes of inflationary
models with so-called stabilized field [52, 53], this cou-
pling is naturally very small. Finally, we point out that in
the case of the direct production of the gravitino through
inflaton decay, both the ±3/2 and the ±1/2 components
of the gravitino populate the Universe, whereas in the
case of thermal production (Eq.9) only the longitudinal
goldstino component contributes to the relic abundance.
5PERSPECTIVES AND CONCLUSIONS
In many ways, it seems quite natural that a particle
with only gravitational interactions should make up the
dark matter of the Universe. We have seen that in the
generic context with gravitino dark matter where the su-
persymmetric particle spectrum thermalizes with stan-
dard model bath, an upper limit to the mass of the grav-
itino of ' 4 TeV is obtained. However, if one makes
the minimal hypothesis that the supersymmetric spec-
trum lies above the inflaton mass, a new cosmologically
allowed window opens for gravitino mass above 0.2 EeV.
Indeed, despite the weakness of its coupling, the grav-
itino can be produced directly from the thermal bath by
the exchange of virtual heavy superpartners (or equiva-
lently by higher dimensional operators). It can also be
produced directly from the inflaton decay. In order to
obtain gravitino dark matter from the thermal bath, we
predict a relatively large reheating temperature & 1010
GeV, compatible with the thermal leptogenesis scenario.
If stable, this gravitino is virtually undetectable as it is
the only R-parity odd state ever present in the Universe
after inflation. If unstable through an R-parity violating
coupling, the decay of the gravitino would produce EeV–
like monochromatic photons or neutrinos, which are not
yet observable by present experiments.
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